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(67)  Structures for an optical component, such as a
polarization splitter rotator, and methods of forming such
structures. The structure comprises a waveguide core
positioned in a vertical direction over a substrate, and a
metamaterial structure positioned in a lateral direction
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OPTICAL COMPONENTS WITH AN ADJACENT METAMATERIAL STRUCTURE

adjacent to the waveguide core. The metamaterial struc-
ture including a plurality of elements separated by a plu-
rality of gaps and a dielectric material in the plurality of
gaps.
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Description
BACKGROUND

[0001] The disclosure relates to photonics chips and,
more specifically, to structures for an optical component,
such as a polarization splitter rotator, and methods of
forming such structures.

[0002] Photonics chips are used in many applications
and systems including, but not limited to, data commu-
nication systems and data computation systems. A pho-
tonics chip integrates optical components and electronic
components into a unified platform. Among other factors,
layout area, cost, and operational overhead may be re-
duced by the integration of both types of components on
the same chip.

[0003] Polarization splitter rotators are a type of optical
componentcommonly found in photonics chips thatcom-
bines an optical splitter with a polarization rotator. A po-
larization splitter rotator may be configured to receive
optical signals of a given polarization state (e.g., the fun-
damental transverse magnetic (TMO) polarization) as in-
put and to output a different polarization state (e.g., the
fundamental transverse electric (TEO) polarization), as
well as to split the received optical signals with a desired
coupling ratio. Unfortunately, conventional polarization
splitter rotators may possess a large device footprint and
may exhibit higher than desirable light loss.

[0004] Improved structures for an optical component,
such as a polarization splitter rotator, and methods of
forming such structures are needed.

SUMMARY

[0005] In an embodiment of the invention, a structure
comprises a waveguide core positioned in a vertical di-
rection over a substrate, and a metamaterial structure
positioned in alateral direction adjacent to the waveguide
core. The metamaterial structure including a plurality of
elements separated by a plurality of gaps and a dielectric
material in the plurality of gaps.

The structure may further comprise a second metama-
terial structure positioned in the lateral direction adjacent
to the first waveguide core. The second metamaterial
structure may include a second plurality of elements sep-
arated by a second plurality of gaps and a second die-
lectric material in the second plurality of gaps. The first
waveguide core may be positioned in the lateral direction
between the first metamaterial structure and the second
metamaterial structure.

The structure may further comprise a second waveguide
core positioned in the vertical direction over the sub-
strate, wherein the first waveguide core and the second
waveguide core may be positioned in the lateral direction
between the first metamaterial structure and the second
metamaterial structure.

The first waveguide core may include a first section, and
the second waveguide core may include a second sec-
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tion positioned adjacent to the first section of the first
waveguide core.

According to one variant, the first waveguide core may
include a first section, and the second waveguide core
may include a second section positioned to overlap with
the first section of the first waveguide core. According to
another variant, the second waveguide core may include
a second section that is offset in the lateral direction rel-
ative to the first section of the first waveguide core. In-
dependent of the above-mentioned variants, the second
waveguide core may additionally include a third section
connected to the second section, and the structure may
further comprise a light source positioned adjacent to the
third section of the second waveguide core.

The first waveguide core may comprise silicon, and the
second waveguide core and the first metamaterial struc-
ture may comprise a dielectric material selected from the
group consisting of silicon nitride, silicon oxynitride, and
aluminum nitride.

More generally, the first waveguide core may comprise
a first material, and the first metamaterial structure may
comprise a second material different from the first mate-
rial. For instance, the first material may be silicon, and
the second material may be selected from the group con-
sisting of silicon nitride, silicon oxynitride, and aluminum
nitride.

Alternatively, the first waveguide core and the first met-
amaterial structure may comprise a dielectric material
selected from the group consisting of silicon nitride, sili-
con oxynitride, and aluminum nitride.

Each element of the first plurality of elements or second
plurality of elements may include afirst section, a second
section, and a plurality of bends connecting the first sec-
tion to the second section. Alternatively, each element
may include a first section and a second section that is
angled relative to the first section. Moreover, the first plu-
rality of elements may be arranged in pairs.

In addition to the above features, the structure may fur-
ther comprise a dielectric layer over the substrate. The
dielectric layer may include a plurality of trenches having
lower corners, and the first plurality of elements may be
positioned atthe lower corners of the plurality of trenches.
[0006] In an embodiment of the invention, a method
comprises forming a waveguide core positioned in a ver-
tical direction over a substrate, and forming a metama-
terial structure positioned in a lateral direction adjacent
to the waveguide core. The metamaterial structure in-
cludes a plurality of elements separated by a plurality of
gaps and a dielectric material in the plurality of gaps.

In addition, the method may further comprise forming a
second metamaterial structure positioned in the lateral
direction adjacent to the waveguide core, wherein the
second metamaterial structure includes a second plural-
ity of elements separated by a second plurality of gaps
and a second dielectric material in the second plurality
of gaps. The waveguide core may be positioned in the
lateral direction between the first metamaterial structure
and the second metamaterial structure.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The accompanying drawings, which are incor-
porated in and constitute a part of this specification, il-
lustrate various embodiments of the invention and, to-
gether with a general description of the invent ion given
above and the detailed description of the embodiments
given below, serve to explain the embodiments of the
invention. In the drawings, like reference numerals refer
to like features in the various views.

FIG. 1 is a top view of a structure at an initial fabri-
cation stage of a processing method in accordance
with embodiments of the invention.

FIG. 2is a cross-sectional view of the structure taken
generally along line 2-2 in FIG. 1.

FIG. 3 is a cross-sectional view of the structure at a
fabrication stage subsequent to FIG. 2.

FIG. 4 is a top view of the structure at a fabrication
stage subsequent to FIG. 3.

FIG. 5is a cross-sectional view of the structure taken
generally along line 5-5 in FIG. 4.

FIG. 6 is a cross-sectional view of the structure at a
fabrication stage subsequent to FIG. 5.

FIG. 7 is a top view of a structure in accordance with
alternative embodiments of the invention.

DETAILED DESCRIPTION

[0008] With reference to FIGS. 1, 2 and in accordance
with embodiments of the invention, a structure 10 for a
polarization rotator splitter includes a waveguide core 12
and a waveguide core 14 that are positioned on, and
over, a dielectric layer 16 and a semiconductor substrate
18. In an embodiment, the dielectric layer 16 may be
comprised of a dielectric material, such as silicon dioxide,
and the semiconductor substrate 18 may be comprised
of a semiconductor material, such as single-crystal sili-
con. In an embodiment, the dielectric layer 16 may be a
buried oxide layer of a silicon-on-insulator substrate, and
the dielectric layer 16 may separate the waveguide cores
12, 14 from the semiconductor substrate 18.

[0009] In an embodiment, the waveguide cores 12, 14
may be comprised of a material having a refractive index
that is greater than the refractive index of silicon dioxide.
In an embodiment, the waveguide cores 12, 14 may be
comprised of a semiconductor material, such as single-
crystal silicon or polysilicon. In an alternative embodi-
ment, the waveguide cores 12, 14 may be comprised of
a dielectric material, such as silicon nitride, silicon oxyni-
tride, or aluminum nitride. In alternative embodiments,
other materials, such as a polymer or a IlI-V compound
semiconductor, may be used to form the waveguide
cores 12, 14.

[0010] In an embodiment, the waveguide cores 12, 14
may be formed by patterning a layer comprised of a ma-
terial with lithography and etching processes. In an em-
bodiment, an etch mask may be formed by a lithography
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process over the layer, and unmasked sections of the
deposited layer may be etched and removed with an etch-
ing process. The masked sections of the deposited layer
may determine the patterned shapes of the waveguide
cores 12, 14. In an embodiment, the waveguide cores
12, 14 may be formed by patterning the semiconductor
material (e.g., single-crystal silicon) of a device layer of
a silicon-on-insulator substrate. In an embodiment, the
waveguide cores 12, 14 may be formed by patterning a
deposited layer comprised of the material (e.g., polysili-
con). In an alternative embodiment, a slab layer may be
connected to a lower portion of the waveguide core 12
and/or the waveguide core 14. The slab layer may be
formed when the waveguide cores 12, 14 are patterned,
and the slab layer, which is positioned on the dielectric
layer 16, may have a thickness that is less than the thick-
ness of the waveguide cores 12, 14.

[0011] The waveguide core 12 includes a tapered sec-
tion 20, a coupling section 22, and an output section 24
connected to the coupling section 22 by a set of bends
26. The output section 24 of the waveguide core 12 may
be connected to downstream optical components on a
photonics chip associated with the structure 10. The sec-
tions 20, 22 of the waveguide core 12 may be aligned
along a longitudinal axis 25.

[0012] Thewaveguide core 14 includes acoupling sec-
tion 28 positioned in a lateral direction adjacent to the
coupling section 22 of the waveguide core 12, a rotator
section 30, and an output section 32 connected to the
rotator section 30. The coupling section 28 of the
waveguide core 14 may be terminated by a bend. The
bends 26 of the waveguide core 12 increase the sepa-
ration between the waveguide cores 12, 14 such that the
light coupling between the output section 24 of the
waveguide core 12 and the rotator section 30 is negligi-
ble. The coupling section 28 and the rotator section 30
of the waveguide core 14 may each be tapered over at
least a portion of their respective lengths. The sections
28, 30 of the waveguide core 14 may be aligned along a
longitudinal axis 29. The output section 32 of the
waveguide core 14 may be connected to downstream
optical components on the photonics chip.

[0013] With reference to FIG. 3 in which like reference
numerals refer to like features in FIG. 2 and at a subse-
quent fabrication stage, a dielectric layer 34 is formed
over the waveguide cores 12, 14. The waveguide cores
12, 14 are embedded in the dielectric layer 34, which
may be deposited and planarized after deposition, be-
cause the dielectric layer 34 is thicker than the height of
the waveguide cores 12, 14. A dielectric layer 35 may be
formed over the dielectric layer 34. The dielectric layers
34, 35 may be comprised of a dielectric material, such
as silicon dioxide, having a refractive index that is less
than the refractive index of the material constituting the
waveguide cores 12, 14.

[0014] Aseriesoftrenches 36, 38,40 may be patterned
in the dielectric layer 35. The trench 36 may be subse-
quently utilized to form a waveguide core, the trenches
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38 may be used to form a set of elements incorporated
into a metamaterial structure, and the trenches 40 may
be used to form a set of elements incorporated into a
different metamaterial structure. The trench 36 may be
positioned in a lateral direction between the trenches 38
and the trenches 40. The trenches 36, 38, 40 may pen-
etrate fully through the dielectric layer 35 to the dielectric
layer 34. Each of the trenches 38, 40 includes a pair of
lower corners adjacent to the dielectric layer 34. The
trench 36 is positioned over the waveguide core 14, and
the trench 36 is positioned in a lateral direction between
the trenches 38 and the trenches 40. The number of
trenches 38 may be increased to increase the number
of subsequently-formed elements. The number of trench-
es 40 may be increased to increase the number of sub-
sequently-formed elements. In an embodiment, the
number of trenches 38 may be equal to the number of
trenches 40.

[0015] With reference to FIG. 4, 5 in which like refer-
ence numerals refer to like features in FIG. 3 and at a
subsequent fabrication stage, a waveguide core 44, a
set of elements 46, and a set of elements 48 are respec-
tively formed in the trenches 36, 38, 40 (FIG. 3) in the
dielectric layer 34. A waveguide core 42 that includes a
tapered section 41 and a tapered section 43 may be
formed in a trench (not shown) similar to the trench 36.
The waveguide cores 42, 44 and the elements 46, 48
may be comprised of a dielectric material, such as silicon
nitride, having a refractive index that is greater than the
refractive index of silicon dioxide. In an alternative em-
bodiment, the waveguide cores 42, 44 and the elements
46, 48 may be comprised of aluminum nitride or silicon
oxynitride. In an embodiment, waveguide cores 42, 44
and the elements 46, 48 may be formed by depositing a
layer of their constituent material over the patterned di-
electric layer 35 and patterning the deposited layer by
lithography and etching processes. The lithographically-
formed etch mask employed during patterning may mask
and protect a portion of the deposited layer in the trench
36 resulting in the formation of the waveguide core 44,
as well as mask and protect another portion of the de-
posited layer resulting in the formation of the waveguide
core 42. In an embodiment, the elements 46 and the el-
ements 48 may result from the etching of unmasked por-
tions of the deposited layer in the trenches 38, 40. In an
embodiment, the elements 46 may be formed in the lower
corners of the trenches 38 adjacent to the dielectric layer
34, and the elements 48 may be formed in the lower
corners of the trenches 40 adjacent to the dielectric layer
34.The width of the trenches 38 and the spacing between
adjacent trenches 38 may determine the positions of the
elements 46 relative to the waveguide core 12 and rela-
tive to each other. The width of the trenches 40 and the
spacing between adjacent trenches 40 may determine
the positions of the elements 48 relative to the waveguide
cores 14 and the waveguide core 44.

[0016] The tapered section 43 of the waveguide core
42 may overlap with the tapered section 20 of the
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waveguide core 12. A portion of the dielectric layer 34 is
positioned between the tapered section 43 and the ta-
pered section 20. The overlap of the tapered section 43
with the tapered section 20 may enable the downward
transfer of light from the waveguide core 44 to the
waveguide core 12.

[0017] The waveguide core 44 may include a tapered
section 50 that overlaps with the coupling section 28 of
the waveguide core 14, and rotator sections 52, 54 that
overlap with the rotator section 30 of the waveguide core
14. A portion of the dielectric layer 34 is positioned be-
tween the tapered section 50 and the coupling section
28, and a portion of the dielectric layer 34 is positioned
between the rotator sections 52, 54 and the rotator sec-
tion 30. The overlap of the tapered section 50 with the
coupling section 28 may improve the efficiency of light
coupling from the coupling section 22 of the waveguide
core 12 to the coupling section 28 of the waveguide core
14. The rotator section 52 may be angled to reduce the
overlap with the rotator section 30 with increasing dis-
tance from the tapered section 50, and the rotator section
54 may be angled to increase the overlap with the rotator
section 30 with increasing distance from the tapered sec-
tion 50. The overlap of the rotator sections 52, 54 of the
waveguide core 44 with the rotator section 30 of the
waveguide core 14 may facilitate the rotation of the po-
larization of the transferred light propagating in the
waveguide core 14.

[0018] The elements 46, which have a juxtaposed (i.e.,
side-by-side) arrangement, are constituted by elongated
ridges (i.e., strips that are longer than wide) and, due to
the juxtaposed arrangement, gaps G1 separate adjacent
elements 46 to define a grating-like structure. Some of
the gaps G1 are filled by the dielectric material of the
patterned dielectric layer 35 remaining between the
trenches 38. The number of elements 46 may be in-
creased by increasing the number of trenches 38 pat-
terned in the dielectric layer 35. In an embodiment, an
even number of elements 46 may be formed as a result
of formation of pairs of elements 46 at the lower corners
of each trench 38. In an embodiment, the elements 46
may have a triangular profile as a result of the constraint
imposed by formation at the trench corners. In alternative
embodiments, the elements 46 may have a differently-
shaped profile.

[0019] Each element 46 may include a section 56, a
section 58, and a bend 60 connecting the section 56 to
the section 58. The elements 46 are positioned adjacent
to the waveguide core 12 and the waveguide core 42,
and the elements 46 have a non-overlapping relationship
with the waveguide core 12. The section 56 of each el-
ement 46 is positioned adjacent to the tapered section
20 and coupling section 22 of the waveguide core 12, as
well as adjacent to the sections 41, 43 of the waveguide
core 42. The section 58 of each element 46 is positioned
adjacent to the output section 24 of the waveguide core
12. The bend 60 of each element 46 is positioned adja-
cent to the bend 26. In an embodiment, the section 56
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of each element 46 may be aligned parallel to the tapered
section 20 and coupling section 22 of the waveguide core
12. In an embodiment, the section 58 of each element
46 may be aligned parallel to the output section 24 of the
waveguide core 12.

[0020] Theelements46 mayhaveidentical or substan-
tially-identical sections 56, 58, 60 such that the elements
46 have matching layouts and such that the dimension
ofthe gaps G1 between adjacent elements 46 is uniform.
A portion of each element 46 may have a matching shape
to the waveguide core 12. In particular, the shape of at
least the element 46 closest to the waveguide core 12
may be substantially identical to the shape of the
waveguide core 12 so as to respect a minimum spacing
associated with a keep-out zone.

[0021] In the representative embodiment, the ele-
ments 46 are disconnected from each other. In an em-
bodiment, the pitch and duty cycle of the elements 46
may be uniform to define a periodic juxtaposed arrange-
ment. In alternative embodiments, the pitch and/or the
duty cycle of the elements 46 may be apodized (i.e., non-
uniform) to define a non-periodic juxtaposed arrange-
ment.

[0022] The elements 48, which have ajuxtaposed (i.e.,
side-by-side) arrangement, are constituted by elongated
ridges (i.e., strips that are longer than wide) and, due to
the juxtaposed arrangement, gaps G2 separate adjacent
elements 48 to define a grating-like structure. Some of
the gaps G2 are filled by the dielectric material of the
patterned dielectric layer 35 remaining between the
trenches 40. The number of elements 48 may be in-
creased by increasing the number of trenches 40 pat-
terned in the dielectric layer 35. In an embodiment, an
even number of elements 48 may be formed as a result
of formation of pairs of elements 48 at the lower corners
of each trench 40. In an embodiment, the elements 48
may have a triangular profile as a result of the constraint
imposed by formation at the trench corners. In alternative
embodiments, the elements 48 may have a differently-
shaped profile. In an embodiment, the number of ele-
ments 48 may be equal to the number of elements 46.
[0023] Each element 48 may include a section 66, a
section 68 that is angled relative to section 66, and a
section 70 that is angled relative to the section 68. The
section 68 may connect the section 66 to the section 70.
The elements 48 are positioned adjacent to the
waveguide core 14 and the waveguide core 44, and the
elements 48 have a non-overlapping relationship with
the waveguide core 14. The section 66 of each element
48 is positioned adjacent to the coupling section 28 of
the waveguide core 14 and the section 50 of the
waveguide core 44. The section 68 of each element 48
is positioned adjacent to a portion of the rotator section
30 of the waveguide core 14 and the section 52 of the
waveguide core 44. The section 70 of each element 48
is positioned adjacent to a portion of the rotator section
30 of the waveguide core 14 and the section 54 of the
waveguide core 44. In an embodiment, the section 66 of

10

15

20

25

30

35

40

45

50

55

each element 48 may be aligned parallel to the tapered
section 20 and coupling section 22 of the waveguide core
12. In an embodiment, the section 68 of each element
48 may be aligned parallel to section 52 of the waveguide
core 44 and the section 70 of each element 48 may be
aligned parallel to section 54 of the waveguide core 44.
[0024] The elements 48 may have identical or substan-
tially-identical sections 66, 68, 70 such that the elements
48 have matching layouts and such that the dimension
of the gaps G2 between adjacent elements 48 is uniform.
A portion of each element 48 may have a matching shape
to the waveguide core 12. In particular, the shape of at
least the element 48 closest to the waveguide core 12
may be substantially identical to the shape of the
waveguide core 12 so as to respect a minimum spacing
associated with a keep-out zone.

[0025] In the representative embodiment, the ele-
ments 48 are disconnected from each other. In an em-
bodiment, the pitch and duty cycle of the elements 48
may be uniform to define a periodic juxtaposed arrange-
ment. In alternative embodiments, the pitch and/or the
duty cycle of the elements 48 may be apodized (i.e., non-
uniform) to define a non-periodic juxtaposed arrange-
ment.

[0026] The tapered section 41 of the waveguide core
42 may define an edge coupler that is positioned at an
edge of a photonics chip and adjacent to a light source,
diagrammatically shown by reference numeral 45. The
light source 45 is configured to provide light (e.g., laser
light) in a mode propagation direction, as indicated by
the single-headed arrow, toward the tapered section 41
of the waveguide core 42. The light received by the edge
coupler may have a given wavelength, intensity, mode
shape, and mode size, and the edge coupler may provide
spot-size conversion for the light before transferring the
light to the waveguide core 12. In an embodiment, the
light source 45 may be a single-mode optical fiber that
is positioned at the edge of the photonics chip adjacent
to the tapered section 41 of the waveguide core 42.
[0027] The edge coupler may include additional
waveguide cores arranged adjacent to the tapered sec-
tion 41 to provide multiple tips, such as a trident arrange-
ment with the tapered section 41 positioned between a
pair of added waveguide cores. The tapered section 41
may be segmented over at least a portion of its length to
define a subwavelength metamaterial structure and may
optionally include a central rib overlaid on the segments.
[0028] With reference to FIG. 6 in which like reference
numerals refer to like features in FIG. 5 and at a subse-
quent fabrication stage, a dielectric layer 62 is formed
over the waveguide cores 42, 44 and elements 46, 48.
The dielectric layer 62 may be comprised of a dielectric
material, such as silicon dioxide, having a refractive index
that is less than the refractive index of the material con-
stituting the waveguide cores 42, 44 and elements 46,
48. The waveguide cores 42, 44 and elements 46, 48 are
embedded in the dielectric layer 62, which may be de-
posited and planarized after deposition, because the di-
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electric layer 62 is thicker than the height of the
waveguide cores 42, 44 and elements 46, 48.

[0029] The elements 46 may be dimensioned and po-
sitioned at small enough pitch so as to define a sub-wave-
length grating that does not radiate or reflect light at a
wavelength of operation. The dielectric materials of the
dielectric layers 35, 62 are disposed in the gaps G1 be-
tween adjacent pairs of the elements 46. The elements
46 and the dielectric material of the dielectric layers 35,
62 in the gaps G1 between adjacent element pairs may
define a metamaterial structure in which the material con-
stituting the elements 46 has a higher refractive index
than the dielectric material of the dielectric layers 35, 62.
Similarly, the elements 48 may be dimensioned and po-
sitioned at small enough pitch so as to define a sub-wave-
length grating that does not radiate or reflect light at a
wavelength of operation. The dielectric materials of the
dielectric layers 35, 62 are disposed in the gaps G2 be-
tween adjacent pairs of the elements 48. The elements
48 and the dielectric material of the dielectric layers 35,
62 in the gaps G2 between adjacent element pairs may
define a metamaterial structure in which the material con-
stituting the elements 48 has a higher refractive index
than the dielectric material of the dielectric layers 35, 62.
The metamaterial structures can be treated as homoge-
neous materials each having an effective refractive index
that is intermediate between the refractive index of the
material constituting the elements 46, 48 and the refrac-
tive index of the dielectric material constituting the die-
lectric layers 35, 62.

[0030] Thewaveguide cores 12, 14 and the waveguide
cores 42, 44 are positioned in a lateral direction between
the metamaterial structure including the elements 46 and
the metamaterial structure including the elements 48.
The waveguide cores 42, 44 are arranged in the same
level as the metamaterial structures, and the waveguide
cores 12, 14 are arranged in a differentlevel (i.e., a lower
level) than the metamaterial structures. The waveguide
cores 42, 44 have lateral offsets from the metamaterial
structures, and the waveguide cores 12, 14 have lateral
and vertical offsets from the metamaterial structures.
[0031] Aback-end-of-line stack 64 may be formed over
all or part of the dielectric layer 62. The back-end-of-line
stack 64 may include dielectric layers that are comprised
of a dielectric material, such as silicon dioxide, silicon
nitride, tetraethylorthosilicate silicon dioxide, or fluorinat-
ed-tetraethylorthosilicate silicon dioxide.

[0032] In use, light may be guided on a photonics chip
by the waveguide core 42 for input to the structure 10.
The light may be transferred from the tapered section 43
of the waveguide core 42 to the tapered section 20 of the
waveguide core 12. A fraction of the light may be eva-
nescently coupled from the coupling section 22 of the
waveguide core 12 to the coupling section 28 of the
waveguide core 14. Another fraction of the light continues
to propagate in the waveguide core 12 for output from
the structure 10 in the output section 24. The polarization
of the fraction of the light propagating in the waveguide
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core 14 is rotated by the rotator section 30 and the over-
lapping rotator sections 52, 54 of the waveguide core 44
for output from the structure 10 in the output section 32.
[0033] The structure 10 may omit rails comprised of
the material of the waveguide cores 42, 44 and elements
46, 48 in the optical path atthe transition from the tapered
section 43 of the waveguide core 42 to the tapered sec-
tion 20 of the waveguide core 12, which may reduce op-
tical loss and back reflection. The metamaterial struc-
tures including the elements 46, 48 may reduce the op-
tical loss for light propagating in the structure 10. The
metamaterial structures including the elements 46, 48
may be particularly effective in reducing the optical loss
for light having a transverse magnetic polarization by sig-
nificantly increasing the coupling length. The metamate-
rial structures including the elements 46, 48 may improve
optical isolation and, thereby, the packaging density for
a photonics chip. For example, the metamaterial struc-
ture including the elements 46 may provide effective op-
tical isolation for an adjacent waveguide core 72 such
that the waveguide core 72 can be positioned closer to
the polarization rotator splitter without causing crosstalk.
Although the metamaterial structures may be deployed
to provide low-loss transceiver applications in conjunc-
tion with the waveguide cores 12, 14 and the waveguide
cores 42, 44 of the polarization rotator splitter and edge
coupler, the structure 10 may be deployed in a different
type of optical component that includes one or more
waveguide cores that are positioned adjacent to the el-
ements 46, 48 of the metamaterial structures.

[0034] With reference to FIG. 7 in which like reference
numerals refertolike featuresin FIG. 4 andinaccordance
with alternative embodiments, the tapered section 41 of
the waveguide core 42 may be offset in a lateral direction
relative to the tapered section 20 of the waveguide core
12, as indicated by the parallel dashed lines and double-
headed arrow. In an embodiment, the tapered section 41
may have a non-overlapping relationship with the tapered
section 20 due to the offset placement.

[0035] The methods as described above are used in
the fabrication of integrated circuit chips. The resulting
integrated circuit chips can be distributed by the fabrica-
tor in raw wafer form (e.g., as a single wafer that has
multiple unpackaged chips), as a bare die, or in a pack-
aged form. The chip may be integrated with other chips,
discrete circuit elements, and/or other signal processing
devices as part of either an intermediate product or an
end product. The end product can be any product that
includes integrated circuit chips, such as computer prod-
ucts having a central processor or smartphones.

[0036] References herein to terms modified by lan-
guage of approximation, such as "about", "approximate-
ly", and "substantially”, are not to be limited to the precise
value specified. The language of approximation may cor-
respond to the precision of an instrument used to meas-
ure the value and, unless otherwise dependent on the
precision of the instrument, may indicate a range of +/-
10% of the stated value(s).



11 EP 4 372 426 A1 12

[0037] References herein to terms such as "vertical",
"horizontal", etc. are made by way of example, and not
by way of limitation, to establish a frame of reference.
The term "horizontal" as used hereinis defined as a plane
parallel to a conventional plane of a semiconductor sub-
strate, regardless of its actual three-dimensional spatial
orientation. The terms "vertical" and "normal" refer to a
direction in the frame of reference perpendicular to the
horizontal, as just defined. The term "lateral" refers to a
direction in the frame of reference within the horizontal
plane.

[0038] A feature "connected" or "coupled" to or with
another feature may be directly connected or coupled to
or with the other feature or, instead, one or more inter-
vening features may be present. A feature may be "di-
rectly connected" or "directly coupled" to or with another
feature if intervening features are absent. A feature may
be "indirectly connected" or "indirectly coupled" to or with
another feature if at least one intervening feature is
present. A feature "on" or "contacting" another feature
may be directly on or in direct contact with the other fea-
ture or, instead, one or more intervening features may
be present. A feature may be "directly on" or in "direct
contact" with another feature if intervening features are
absent. A feature may be "indirectly on" or in "indirect
contact" with another feature if at least one intervening
feature is present. Different features may "overlap" if a
feature extends over, and covers a part of, another fea-
ture with either direct contact or indirect contact.

[0039] The descriptions of the various embodiments
of the presentinvention have been presented for purpos-
es of illustration but are not intended to be exhaustive or
limited to the embodiments disclosed. Many modifica-
tions and variations will be apparent to those of ordinary
skill in the art without departing from the scope and spirit
of the described embodiments. The terminology used
herein was chosen to best explain the principles of the
embodiments, the practical application or technical im-
provement over technologies found in the marketplace,
orto enable others of ordinary skillin the artto understand
the embodiments disclosed herein.

Claims
1. A structure comprising:

a substrate;

a first waveguide core positioned in a vertical
direction over the substrate; and

a first metamaterial structure positioned in a lat-
eral direction adjacent to the first waveguide
core, the first metamaterial structure including a
first plurality of elements separated by a first plu-
rality of gaps and a first dielectric material in the
first plurality of gaps.

2. The structure of claim 1 further comprising:
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a second metamaterial structure positioned in the
lateral direction adjacent to the first waveguide core,
the second metamaterial structure including a sec-
ond plurality of elements separated by a second plu-
rality of gaps and a second dielectric material in the
second plurality of gaps.

3. The structure of claim 2 wherein the first waveguide

core is positioned in the lateral direction between the
first metamaterial structure and the second metama-
terial structure.

4. The structure of claim 2 further comprising:

a second waveguide core positioned in the ver-
tical direction over the substrate,

wherein the first waveguide core and the second
waveguide core are positioned in the lateral di-
rection between the first metamaterial structure
and the second metamaterial structure.

5. The structure of claim 4 wherein the first waveguide

core includes a first section, and the second
waveguide core includes a second section posi-
tioned adjacent to the first section of the first
waveguide core.

6. The structure of claim 4 wherein the first waveguide

core includes a first section, and the second
waveguide core includes a second section posi-
tioned to overlap with the first section of the first
waveguide core, or the second waveguide core in-
cludes a second section that is offset in the lateral
direction relative to the first section of the first
waveguide core.

7. The structure of claim 6 wherein the second

waveguide core includes a third section connected
to the second section, and further comprising:

a light source positioned adjacent to the third section
of the second waveguide core.

8. The structure of one of claims 4 to 7 wherein the first

waveguide core comprises silicon, and the second
waveguide core and the first metamaterial structure
comprise a dielectric material selected from the
group consisting of silicon nitride, silicon oxynitride,
and aluminum nitride.

9. The structure of one of claims 1 to 7 wherein the first

waveguide core comprises a first material, and the
first metamaterial structure comprises a second ma-
terial different from the first material, wherein, op-
tionally, the first material is silicon, and the second
material is selected from the group consisting of sil-
icon nitride, silicon oxynitride, and aluminum nitride.

10. The structure of one of claims 1 to 7 wherein the first
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waveguide core and the first metamaterial structure
comprise a dielectric material selected from the
group consisting of silicon nitride, silicon oxynitride,
and aluminum nitride.

11. The structure of one of claims 1 to 10 wherein each
element includes a first section, a second section,
and a plurality of bends connecting the first section
to the second section, or wherein each element in-
cludes a first section and a second section that is 70
angled relative to the first section.

12. The structure of one of claims 1 to 11 wherein the
first plurality of elements are arranged in pairs.
15
13. The structure of one of claims 1 to 12 further com-
prising:

a dielectric layer over the substrate, the dielec-
tric layer including a plurality of trenches having 20
lower corners,
wherein the first plurality of elements are posi-
tioned at the lower corners of the plurality of
trenches.

25

14. A method comprising:

forming awaveguide core positionedin a vertical
direction over a substrate; and

forming a first metamaterial structure positioned 30
in a lateral direction adjacent to the waveguide
core, wherein the first metamaterial structure in-
cluding a first plurality of elements separated by

a first plurality of gaps and a first dielectric ma-
terial in the first plurality of gaps. 35

15. The method of claim 14 further comprising:

forming a second metamaterial structure positioned

in the lateral direction adjacent to the waveguide
core, wherein the second metamaterial structure in- 40
cludes a second plurality of elements separated by

a second plurality of gaps and a second dielectric
material in the second plurality of gaps, wherein the
waveguide core is positioned in the lateral direction
between the firstmetamaterial structure and the sec- 45
ond metamaterial structure.

50
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